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Functional Neuroanatomy of the Parahippocampal Region
in the Rat: The Perirhinal and Postrhinal Cortices

Sharon C. Furtak,! Shau-Ming Wei,! Kara L. Agster,2 and Rebecca D. Burwell"**

ABSTRACT:  The parahippocampal region in the rodent brain includes
the perirhinal, postrhinal, and entorhinal cortices, the presubiculum,
and the parasubiculum. In recent years, the perirhinal and postrhinal
cortices have been a focus in memory research because they supply
highly processed, polymodal sensory information to the hippocampus,
both directly and via the entorhinal cortex. Available evidence indicates
that these cortices receive different complements of cortical infor-
mation, which are then forwarded to the hippocampus via parallel
pathways. Here we have summarized the cortical, subcortical, and hip-
pocampal connections of the perirhinal and postrhinal cortices in order
to provide further insight into the nature of the information that is proc-
essed by these regions prior to arriving in the hippocampus. As has
been previously described, the cortical afferents of the rodent postrhinal
cortex are dominated by structures known to be involved in the proc-
essing of visual and spatial information, whereas the cortical afferents of
the perirhinal cortex result in remarkable convergence of polymodal
sensory information. The two regions are also differentiated by their
cortical efferents. The perirhinal cortex projects more strongly to piri-
form, frontal, and insular regions, whereas the postrhinal cortex projects
preferentially to visual and visuospatial regions. The subcortical connec-
tions of the two regions provide further evidence that they have differ-
ent functions. For example, the perirhinal cortex has strong reciprocal
connections with the amygdala, which suggest involvement in process-
ing affective stimuli. Subcortical input to the postrhinal cortex is domi-
nated by projections from dorsal thalamic structures, particularly the lat-
eral posterior nucleus. Although the perirhinal and postrhinal cortices are
considered to contribute to the episodic memory system, many questions
remain about their particular roles. A detailed description of the anatomi-
cal connections of the perirhinal and postrhinal cortices will permit the
generation of new, anatomically guided, hypotheses about their role in
episodic memory and other cognitive processes. o 2007 Wiley-Liss, Inc.
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INTRODUCTION

Over the past decade, research on the neural circuitry of episodic
memory has broadened from a focus on the hippocampal formation to

! Department of Psychology, Brown University, Providence, Rhode
Island 02912; 2 Department of Neuroscience, Brown University, Provi-
dence, Rhode Island 02912

Grant sponsor: NSF; Grant number: IBN 9875792; Grant sponsor: NSF;
Grant number: 10B-0522220; Grant sponsor: NIH; Grant number:
F31MH072144.

*Correspondence to: Rebecca D. Burwell, Brown University, 89 Waterman
Street, Providence, Rl 02912, USA. E-mail: rebecca_burwell@brown.edu
Accepted for publication 1 May 2007

DOI 10.1002/hipo.20314

Published online 29 June 2007 in Wiley InterScience (www.interscience.
wiley.com).

©2007 WILEY-LISS, INC.

include the surrounding parahippocampal region. In
our terminology, the hippocampal system comprises
the hippocampal formation (dentate gyrus, CA fields,
and subiculum) and the parahippocampal region (the
perirhinal (PER), postrhinal (POR), and entorhinal
(EC) cortices together with the presubiculum and the
parasubiculum). Brodmann’s (1909) original descrip-
tion of the cortical regions surrounding the hippocam-
pus included three cytoarchitectonically distinct corti-
ces, areas 28, 35, and 36, also called the EC, PER,
and ectorhinal cortices, respectively. Later anatomical
work in the primate included two additional regions
in the parahippocampal gyrus, termed TF and TH
(Von Bonin and Bailey, 1947), now referred to, collec-
tively, as the parahippocampal cortex. When applying
this terminology to the rodent, Brodmann areas 28,
35, and 36 were translated into rodent EC and PER
areas 35 and 36 (Rose, 1929; Krieg, 1946a), but there
was no indication of a region comparable to the pri-
mate TF/TH. On the basis of the findings of a series
of anatomical studies, Burwell and colleagues (Burwell
et al.,, 1995; Burwell, 2001) redesignated the caudal
portion of areas 35 and 36 as POR, a structure that
exhibited considerable connectional homology with
the parahippocampal cortex in the primate brain.

The cortical afferents of the POR and PER are
dominated by visuospatial and polymodal input,
respectively. This pattern of connections suggests that
the POR, but not the PER, is involved in spatial
functions. Experimental lesion studies, however, sug-
gest that both regions may be involved in contextual
learning. Deficits in contextual fear conditioning
resulted from both pretraining and post-training
lesions of either the PER (Corodimas and LeDoux,
1995; Bucci et al, 2000, 2002; Lindquist et al.,
2004) or the POR (Bucci et al., 2000, 2002).
Animals with PER or POR damage, which showed
deficits in contextual learning, however, were not
impaired in spatial learning in the Morris water maze
(Burwell et al., 2004a; but see Liu and Bilkey, 2002;
Winters et al., 2004). Thus, both the PER and the
POR appear to contribute to contextual learning, but
not to spatial navigation. Other approaches have pro-
vided evidence for a functional dissociation of the
PER and POR. Norman and Eacott (2005) showed
that performance on a novel object recognition task
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was impaired when context was manipulated following ablation
of the POR, but not the PER (see also Eacott et al., this issue).

Although the precise contribution of each region to contextual
learning remains unclear, one hypothesis is that the PER and
POR have separate but complimentary roles in processing con-
textual information. For example, the POR may have a role in
monitoring and signaling changes in the spatial environment,
and the PER may be necessary for encoding behaviorally relevant
features of the environment. Such a role for the POR is consist-
ent with the electrophysiology. The patterns of neuronal activity
during spatial behavior indicate that the behavioral correlates of
the POR firing differ from those of the hippocampus or dorso-
caudal entorhinal cortex in the same tasks (Shapiro et al., 1997;
Burwell and Hafeman, 2003; Fyhn et al., 2004). POR place cells
reliably remap when distal spatial cues are manipulated. This
finding is consistent with the notion that the POR contributes
to contextual processing by detecting changes in the contextual
environment (Bucci and Burwell, 2004). The idea that the POR
has spatial functions that differ from those of the hippocampus
is also consistent with evidence from humans with parahippo-
campal damage (Bohbot et al., 2000).

The notion that the PER may be necessary for encoding
features of a spatial environment is consistent with a well-
documented role in processing information about objects. Per-
manent and transient lesions of the PER significantly impair
performance on object recognition tasks (Murray and Mishkin,
1998; Murray et al., 1998, 2000; Norman and Eacott, 2005;
Winters et al., 2006). Perirhinal cells recorded from rodents
and nonhuman primates demonstrate differential activity in
response to familiar versus novel objects further implicating the
PER in object memory (Zhu and Brown, 1995; Zhu et al.,
1995; Holscher et al., 2003). More recent studies have pro-
vided evidence for a perirhinal contribution to the perceptual
processing of complex stimuli. In rodents and nonhuman pri-

mates, perirhinal lesions result in a failure to make simultane-
ous or concurrent complex multifeature discriminations (Gaffan
et al., 2000; Buckley et al., 2001; Eacott et al., 2001; Bussey
et al., 2002). Studies of humans with perirhinal damage have
also found deficits in complex multifeature discriminations
(Barense et al., 2005; Lee et al., 2005).

It is clear from the review above that there are many outstanding
questions about the role of the PER and POR in episodic memory
and other cognitive processes. In the past, most neuroanatomically
guided hypotheses about function of these regions have focused on
the cortical connections. There are, however, substantial subcorti-
cal connections in addition to connectivity with the hippocampal
formation and other parahippocampal regions. An understanding
of the full complement of PER and POR connections can provide
new insight into the neural bases of episodic memory.

NOMENCLATURE

In previous studies from our laboratory, the connections of
the POR and PER were thoroughly examined across cortical,
subcortical, and hippocampal system structures and substructures
(Agster, 2007). The afferents and efferents were quantitatively
assessed for 80 regions. Here we summarize the connections

across all categories, specifically for the POR and the PER.

Postrhinal and Perirhinal Cortices

The borders of the POR and PER were defined in accord-
ance with previous descriptions by Burwell and colleagues (Bur-
well et al., 1995; Burwell, 2000, 2001). Briefly, the POR is
situated at the caudal pole of the rodent brain dorsal to the
medial entorhinal area (MEA) and caudal to the PER (Fig. 1).
It can be easily differentiated from the PER and MEA by the

FIGURE 1. Location of the postrhinal and the perirhinal cor-
tices in the rat brain. A: Lateral view of the rodent brain. Shading
indicates the location of the hippocampal formation (HC), and
the perirhinal (PER), entorhinal (EC), and postrhinal (POR) corti-
ces. B: A two dimensional unfolded flat map of the PER, POR,
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and EC. Also shown are perirhinal areas 35 and 36, and the EC
subdivisions, the lateral and the medial entorhinal areas (LEA and
MEA). Panel A is adapted from (Witter and Amaral, 2004). Other
abbreviations: ¢, caudal; d, dorsal; r, rostral; rs, rhinal sulcus; v,
ventral.



presence of ectopic layer II cells. As an additional landmark,
the POR first appears at the caudal level of the angular bundle.
At more posterior levels, the POR is bordered dorsally by visual
association cortex.

The rodent PER occupies both banks of the caudal half of
the rhinal sulcus as well as a narrow strip of cortex immediately
dorsal to it (Fig. 1A). The PER is located dorsal to the EC and
rostral to the POR, as stated above. The PER can be differenti-
ated from the EC by the presence of large, heart-shaped pyram-
idal cells in layer V. The rostral boundary of the PER is
marked by the subcortical posterior limit of the claustrum. At
its dorsal limit, the PER is bordered by the ventral temporal
cortex (TEv). The PER comprises two regions, the dorsal area
36 and the ventral area 35, which can be distinguished by a
number of cytoarchitectural characteristics, for example, layer

thickness and cell density (Burwell et al., 1995; Burwell, 2001).

Cortical Regions

The cortical regions examined included the piriform cortex
and subdivisions of the frontal, cingulate, insular, temporal, pa-
rietal, and occipital areas (Table 1). Aside from exceptions
noted below, the cortical regional definitions are from Swanson
(1998). The borders and cytoarchitecture of the piriform region
have been well established (Rose, 1929; Krieg, 1946b; Haberly
and Price, 1978). The rodent frontal cortex was subdivided
into seven areas (Swanson, 1998). The borders and cytoarchi-

TABLE 1.
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tectonics described by Donoghue and Wise (1982) were used
to define primary and supplementary motor regions. Other
regions investigated included the prelimbic and infralimbic
regions, and three orbital regions (medial, lateral, and ventro-
lateral orbital areas). The boundaries and nomenclature used to
define these regions followed those set forth by Krettek and
Price (1977). Agranular insular regions were divided into the
dorsal, ventral, and posterior areas. The boundaries and defin-
ing criteria for these regions were adopted from Krettek and
Price (1977). Two granular regions, gustatory and visceral corti-
ces, were also investigated. The borders and cytoarchitectonics
of these regions were taken from Swanson (1998).

Borders and nomenclature for ventral temporal and auditory
areas were adapted from Swanson (1998). Dorsal and primary au-
ditory regions were combined in anatomical analysis. Additionally,
a ventral auditory region was investigated. Cingulate regions were
divided into the dorsal and ventral anterior cingulate (Krettek and
Price, 1977) and the dorsal and ventral retrosplenial regions
(Krettek and Price, 1977; Vogt and Miller, 1983).

Parietal regions were divided into somatosensory and poste-
rior areas. For the borders and nomenclature of primary and
supplementary somatosensory regions we followed (Chapin and
Lin, 1984). The posterior parietal region was initially defined
by Krieg (1946a), but was modified by Swanson (1992). Two
visual association regions were examined, a lateral and a medial.
Borders for these regions were adapted by Swanson (1992)
from Paxinos and Watson (1986).

List of Anatomical Regions Analyzed

Groups Regions included in summary

Cortical
Piriform Not subdivided
Frontal Primary motor, supplementary motor, prelimbic, infralimbic, medial orbital, lateral orbital,

ventrolateral orbital

Insular Dorsal agranular insular, ventral agranular insular, posterior agranular insular, gustatory, visceral
Temporal Primary auditory cortex, secondary auditory cortex, ventral temporal association cortex
Cingulate Dorsal anterior cingulate, ventral anterior cingulate, dorsal retrosplenial, ventral retrosplenial
Parietal Primary somatosensory, supplementary somatosensory, posterior parietal
Occipital Primary visual, medial visual association, lateral visual association

Subcortical
Olfactory Anterior olfactory nucleus, olfactory tubercle, piriform transition area, endopirifom, taenia tecta
Claustrum Not subdivided
Amygdala Lateral nucleus, basolateral nucleus, basomedial nucleaus, central nucleus, olfactory amygdala
Septum Lateral septum, medial septum, posterior septum, bed nucleus of the stria terminalis

Basal ganglia
tegmental area
Thalamus

Caudate putamen, nucleus accumbens, globus pallidus, substantia innominata, substantia nigra-ventral

Dorsal anterior group, dorsal lateral group, dorsal midline group, dorsal medial group, dorsal ventral

group, epithalamus, intralaminar nuclei, reticular nucleus, lateral geniculate, medial geniculate, zona

incerta, ventral lateral group
Hypothalamus
Hippocampal system
Hippocampal formation
Parahippocampal region

Periventricular zone, lateral zone, medial zone, mammillary bodies

Dentate gyrus, Fields CA3, CA2, CA1, subiculum
Perirhinal cortex, postrhinal cortex, entorhinal cortex, presubiculum, parasubiculum

Hippocampus DOI 10.1002/hipo
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Subcortical Regions

Subcortical areas investigated included olfactory structures, the
claustrum, and nuclei in the amygdala, septum, basal ganglia,
thalamus, and hypothalamus. The dopaminergic cell groups
within the substantia nigra and ventral tegmental areas were
included. In general, we followed the nomenclature and defini-
tions of subcortical structures proposed by Swanson (1992).

Olfactory areas examined included the olfactory tubercle, ante-
rior olfactory nucleus, piriform transition area, endopiriform, and
taenia tecta (Table 1). The claustrum was also included. The bor-
ders from Swanson (1992) were adapted from Witter et al.,
(1988). The amygdala was subdivided into five regions: the lat-
eral, basolateral, basomedial, and central nuclei, and the olfactory
amygdala. The olfactory amygdala included the structures that
receive direct input from the olfactory bulb or the accessory olfac-
tory bulb, including the nucleus of the lateral olfactory tract, the
bed nucleus of the accessory olfactory tract, the anterior amygda-
loid area, the medial nucleus, and the cortical nucleus. Bounda-
ries and nomenclature associated with these regions were adopted
from Swanson (1992) and Krettek and Price (1978). The septal
area included four subregions for anatomical analysis. These
regions included the lateral, medial, and posterior septal nuclei,
and the bed nucleus of the stria terminalis. The basal ganglia
regions included the caudate putamen, nucleus accumbens and
fundus of the striatum, globus pallidus, and the substantia inno-
minata. For convenience, the substantia nigra and ventral tegmen-
tal areas were grouped with basal ganglia structures.

In order to simplify the analysis, the thalamic nuclei were
grouped into a set of dorsal thalamic structures and a set of ventral
thalamic structures. In general, the boundaries and grouping crite-
ria used were taken from Swanson (1992) and Jones (1985). Five
groups of dorsal thalamic structures were examined. The lateral
and medial habenula were combined into the epithalamus. The
remaining dorsal groups included the dorsal midline, anterior,
medial, lateral, and ventral groups. The dorsal midline thalamic
group comprised the paraventricular nucleus, the parataenial
nucleus, and the nucleus reuniens. The dorsal anterior thalamic
group comprised the anteroventral, anteromedial, anterodorsal,
interanteromedial, interanterodorsal, and lateral dorsal nuclei of
the thalamus. The dorsal medial thalamic group included the
mediodorsal nucleus, the submedial thalamic nuclei, and the peri-
reuniens nucleus. Nuclei included in the dorsal lateral thalamic
group included the suprageniculate and lateral posterior nuclei, the
posterior limiting nucleus, and the posterior complex of the thala-
mus. Finally, the dorsal ventral thalamic group included the ventral
anterior lateral complex, the ventral posterior complex of the dor-
sal thalamus, and the ventral medial nucleus.

The ventral thalamic regions investigated included the lateral
and medial geniculate complexes, the intralaminar nucleus, the
reticular nucleus, the zona incerta, and a combination of struc-
tures that we have termed the ventrolateral thalamic group
(VLTH). The lateral geniculate complex included the dorsal
and ventral portions of the lateral geniculate complex and the
intergeniculate leaflet. The VLTH included the subthalamic nu-
cleus, the perifasicular nucleus, and the peripeduncular nucleus.

Hippocampus DOI 10.1002/hipo

Finally, the hypothalamic nuclei were grouped into four
larger regions to facilitate analysis. Borders and nomenclature
of these areas were taken from Swanson (1992). Areas investi-
gated included the periventricular zone, the medial zone, the
lateral zone, and the mammillary bodies. The periventricular
zone comprised the periventricular, anteroventral, anterior, in-
termediate, and posterior periventricular hypothalamic nuclei.
Additionally, the vascular organ of the lamina terminalis, the
suprachiasmatic and median pre-optic nuclei, the pre-optic
periventricular nucleus, and the arcuate nucleus were combined
into the periventricular zone. Structures within the medial zone
included the medial, anterodorsal, anteroventral, posterodorsal
pre-optic, the parastrial, and the suprachiasmatic nuclei, as well
as the retrochiasmatic area, the subparaventricular zone, the an-
terior hypothalamic area, and the tuberal area of the hypothala-
mus. The lateral zone included the lateral pre-optic area and
the lateral hypothalamic area. Finally, the mammillary bodies
included the dorsal, medial, and lateral mammillary nuclei, the
tuberomammillary nucleus, and the supramammillary nucleus.

Hippocampal System

For the hippocampal system, the connections with all struc-
tures in the hippocampal formation and the parahippocampal
region were assessed. Structures included in the hippocampal
formation were the CA fields of the hippocampus proper
(CAL, CA2, and CA3), the dentate gyrus, and the subiculum.
These regions are heavily interconnected, and can be distin-
guished structurally from the parahippocampal region in that
they contain only three layers (Witter et al., 2000). Addition-
ally, all regions within the hippocampal formation were divided
into dorsal and ventral subfields for anatomical analysis.

The parahippocampal region comprises the PER, POR, EC,
presubiculum, and parasubiculum (Scharfman et al., 2000).
The presubiculum included the most dorsal extent, sometimes
termed the postsubiculum. All areas within the parahippocam-
pal region have six layers, thereby distinguishing them from the
associated hippocampal formation (Witter et al., 2000). The
presubiculum was further subdivided into a dorsal and ventral
portion. The parasubiculum was subdivided along the rostro-
caudal extent of the region into the rostral and caudal portions.
The EC was subdivided into the lateral entorhinal area (LEA)
and MEA (Insausti et al., 1997).

OVERVIEW OF THE CONNECTIONS

For this report, we have reanalyzed and summarized the
results of a prior series of neuroanatomical experiments (Bur-
well and Amaral, 1998a,b; Agster, 2007) in order to specifi-
cally address the afferents and efferents of the PER and POR.
For afferents, retrograde tract tracer injections were placed into
either the PER, POR, or EC. Total numbers of retrogradely-
labeled cells in each of the projection regions were estimated.
Methods for counting labeled cells in cortical regions were pre-
viously described (Burwell and Amaral, 1998a). Methods for
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TABLE 2.
Cortical Afferents of the POR and PER: Percent Retrogradely-labeled Cells”

Area 36 Area 35

Origins POR average Area 36 average rostral mid-rc caudal Area 35 average rostral mid-rc caudal
Piriform 0.3 5.5 13.2 9.1 0.0 34.2 445 23.9 46.0
Frontal 4.3 8.0 10.9 4.9 6.8 12.1 8.0 13.8 11.3
Insular 1.0 15.8 19.3 111 3.6 30.2 335 26.5 244
Temporal 228 56.0 40.1 67.2 49.6 14.5 5.2 26.4 11.9
Cingulate 15.4 2.3 19 2.3 3.3 12 0.7 0.6 22
Parietal 10.0 6.3 9.7 41 8.8 6.8 7.9 74 3.0
Occipital 46.2 6.1 4.8 14 279 1.0 0.2 13 1.1
Total (%) 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0

Numbers represent the mean percent of the total number of retrogradely labeled cells in the originating cortical regions arising from injections in postrhinal (POR)

and perirhinal (PER) areas 36 and 35.

“Note that labeled cells in cortical regions accounted for 63% of all labeled cells in POR, 50% for area 36, and 53% for area 35. See text for details.

the subcortical and hippocampal structures were similar, with
the exception that counting of labeled cells was automated
(Neurolucida, MBF Bioscience, Williston, VT). The percentage
of total labeled cells for each group of structures (cortical, sub-
cortical, and hippocampal regions) was calculated as the num-
ber of cells labeled in the projection structure divided by the
total labeled cells for the group. The percentage measure was
chosen for the purposes of this report because it best reflects
the impact of the afferent structures on the PER and POR.

For the efferent projections, anterograde tract tracers were
placed into the PER, POR, and EC, and the density of fiber
labeling was examined (Burwell and Amaral, 1998a,b; Agster,
2007). An index of fiber labeling was constructed as follows:
The area of a target structure in a series of coronal sections was
divided into voxels of a specified area. The density of fiber
labeling was then examined against a set of six standards and
rated on a scale of 0 to 6, such that 0 indicated no label pres-
ent and a score of 6 indicated very dense fiber labeling. Ratings
were assessed for each voxel for a series of coronal sections at
0.3 mm intervals along the rostrocaudal axis. The ratings for
each voxel for a particular region were then summed to obtain
an index of fiber labeling that was weighted for the volume of
the structure (Agster, 2007). It should be noted that the density
of fiber labeling was not normalized across cases for these anal-
yses. This fiber index was chosen for the purposes of this sum-
mary because it best represents the impact of the POR, PER,
and EC on their efferent targets. See Kerr et al. (this issue) for
a discussion of the strengths and limitations of this approach to
quantifying projection strength.

CORTICAL CONNECTIONS OF THE

POSTRHINAL CORTEX

Afferent input to the POR arises primarily from cortical
regions. In fact, just under two thirds of the total projections
to the POR originate in cortical areas based on retrogradely-

labeled cells. As shown in Table 2, the strongest cortical input
to the POR originates from occipital regions, accounting for
about half of the total POR cortical input in terms of the per-
centages of labeled cells (Table 2; Burwell and Amaral, 1998a).
The heaviest inputs arise in the lateral and the medial visual
association regions, but there is also substantial input from pri-
mary visual cortex. The POR also receives a moderate input
from temporal regions, contributing roughly a quarter of corti-
cal input (Burwell and Amaral, 1998a). The majority of these
afferents arise from ventral temporal cortex (Fig. 2A). A much
smaller proportion of input arises from auditory regions within
the temporal cortex.

Additionally, cingulate regions provide a moderate propor-
tion of input to the POR (Burwell and Amaral, 1998a). This
input, which is highly reciprocal, arises almost entirely from
dorsal retrosplenial regions (Figs. 2A,B). Posterior parietal cor-
tex, in particular the caudal limb, provides a substantial input
to the POR. This projection from the posterior parietal cortex
to the POR exhibits strong reciprocity from the POR. The
POR receives little input from frontal regions, accounting for
only 4% of the total cortical input to the POR (Burwell and
Amaral, 1998a). The majority of frontal afferents arise from
supplementary motor areas. Very few projections to the POR
arise from either the piriform cortex or insular regions, which
provide less than one percent of the total cortical input to the
POR (Burwell and Amaral, 1998a). Overall, the cortical inputs
to the POR are dominated by areas involved in visual and spa-
tial function.

Generally, the topography of the POR efferent connections
displays strong reciprocity with the pattern of its afferent pro-
jections. The POR efferent projections are heaviest to the occi-
pital region followed by strong projections to the temporal and
cingulate regions (Table 3). The majority of projections from
the POR to the occipital regions concentrate in the medial vis-
ual association cortex (Fig. 2B; Agster, 2007). Similar to the
pattern of afferent projections from the temporal cortex, the
POR projects strongly to the ventral temporal cortex (Fig. 2B).

Hippocampus DOI 10.1002/hipo
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A. Cortical Afferents of POR
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FIGURE 2. Unfolded template maps showing the topography
of the cortical connections of the postrhinal cortex (POR). A: This
map is adapted from a representative retrograde tract tracer case in
the POR. Levels of grey represent densities of labeled cells result-
ing from an injection in the POR. B: This unfolded map is a com-
posite of two representative anterograde tract tracer cases showing
the density of fiber labeling in cortical regions resulting from
injections in the POR. Abbreviations for this and the next figure:
ACA, anterior cingulate; Al, agranular insular; AUD, auditory cor-
tex; GU, gustatory; MO, motor cortex; ORB, orbital frontal
regions; PIR, piriform cortex; PHR, parahippocampal region; PL/
ILA, prelimbic/infralimbic areas; PTLp, posterior parietal, RSP,
retrosplenial; SS, somatosensory cortex; TEv, vental temporal asso-
ciation cortex; VISC, visceral cortex; VIS, visual cortex.

Overall, projections to the temporal cortex represent the second
greatest density of efferent labeling within cortical regions fol-
lowing injections into the POR. The POR also has a moderate

TABLE 3.

projection that terminates in dorsal auditory areas of the tem-
poral cortex thought to be primary auditory cortex (Agster,
2007). Return projections to frontal regions are moderate and
terminate in supplementary and primary motor cortices. Poste-
rior parietal cortex is the main parietal target of the POR, but
a smaller projection terminates in primary somatosensory
regions (Fig. 2B; Agster, 2007). Projections from the POR to
insular regions and the piriform cortex represent a small por-
tion of the cortical efferents.

CORTICAL CONNECTIONS OF AREA 36 OF

THE PERIRHINAL CORTEX

Based on percentages of labeled cells following retrograde
tract tracer injections, about half of all afferent connections to
area 36 of the PER arise in cortical structures. The temporal
cortex provides the heaviest input to area 36, accounting for
roughly half of the cortical input (Table 2; Burwell and Ama-
ral, 1998a). The majority of the substantial projection from the
temporal cortex originates in ventral temporal cortex, which is
anatomically adjacent to area 36 and provides auditory, olfac-
tory, and visual sensory information (Fig. 3A). Area 36 also
receives input from primary and secondary auditory regions
within the temporal cortex. The projection from the temporal
cortex terminates in all levels of area 36, with the mid-rostro-
caudal level receiving the most robust inputs. In addition, there
is a moderate projection from insular regions that preferentially
targets the rostral part of area 36, contributing about one fifth
of the input (Burwell and Amaral, 1998a; Burwell, 2001).
Although the occipital cortex provides a weak input to area 36
on average, it provides nearly one third of all cortical input to
caudal area 36. A large portion of the projection from the occi-
pital cortex to caudal area 36 arises in the visual association
regions.

Area 36 has substantial efferent connections that innervate
parietal, temporal, and frontal areas (Table 3 and Fig. 3C).
The strongest efferent projection from area 36 arises in the ros-
tral part of the region and terminates in somatosensory cortex.

Cortical Efferents of the POR and PER: Index of Fiber Labeling

Area 36 Area 35
Terminations POR average Area 36 average rostral mid-rc caudal Area 35 average rostral caudal
Piriform 33 22.6 10.4 17.2 457 17.6 26.3 8.9
Frontal 7.0 30.9 69.9 259 1.8 26.5 37.0 16.0
Insular 1.8 16.7 222 22.0 0.5 22.0 33.8 10.1
Temporal 25.7 30.4 21.0 37.1 26.4 13.5 5.6 214
Cingulate 224 5.9 5.4 5.6 7.1 41 3.7 4.6
Parietal 20.5 319 95.8 9.8 12.1 20.7 229 18.5
Occipital 472 7.8 6.0 39 17.2 5.6 1.0 10.3

Numbers represent indexes of fiber labeling in terminal cortical regions arising from anterograde tracer injections of postrhinal (POR) cortex and perirhinal (PER)

areas 36 and 35. Density of fiber labeling was rated and then normalized by the volume of the terminal structure. See text for details.

Hippocampus DOI 10.1002/hipo



A. Cortical Afferents of Area 36

FIGURE 3. Unfolded template maps showing the topography
of the cortical connections of the perithinal (PER) areas 36 and
35. A: This map is adapted from a representative retrograde tract
tracer case with an injection in area 36 of the perirhinal cortex.
Levels of grey represent densities of labeled cells resulting from the
injection. B: This map represents a retrograde tract tracer case in
which the injection site was in perirhinal area 35. Levels of grey
represent densities of labeled cells resulting from the injection.

Rostral area 36 substantially contributes to projections that ter-
minate in frontal regions. In addition, the mid-rostrocaudal
and caudal levels of area 36 strongly project to temporal
regions and the piriform cortex, respectively. The projections to
the cingulate and occipital regions are weak.

CORTICAL CONNECTIONS OF AREA 35 OF

THE PERIRHINAL CORTEX

Percentages of labeled cells resulting from retrograde tract
tracer injections in area 35 suggest that approximately one half
of all afferent connections to area 35 arise from cortical
regions. Area 35 receives strong afferent projections from both
the piriform cortex and insular regions, with each contributing
approximately one third of the cortical inputs (Table 2; Burwell
and Amaral, 1998a). The projection from the piriform cortex
largely terminates in the rostral and caudal area 35, whereas in-
sular regions innervate the entire rostrocaudal extent of area 35
(Fig. 3B). Area 35 receives fewer cortical afferents from the
temporal cortex as compared to area 36. Temporal cortex affer-
ents preferentially terminate in the mid-rostrocaudal level of
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B. Cortical Afferents of Area 35
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C: This unfolded map is a composite of three representative an-
terograde tract tracer cases showing the density of fiber labeling in
cortical regions resulting from injections in rostral, mid-rostro-
caudal, and caudal area 36. D: This unfolded map is a composite
of two representative anterograde tract tracer cases showing the
density of fiber labeling in cortical regions resulting from injec-
tions in rostral and caudal area 35. For abbreviations, see legend
for Figure 2.

area 35, accounting for roughly one quarter of cortical input to
this level (Burwell and Amaral, 1998a).

Opverall, area 35 projections to cortical structures are weaker
than those of area 36. The strongest projection arises from area
35 and terminates in frontal areas (Table 3). The next strongest
projection is to insular areas. That projection arises in rostral
area 35 and is distributed to all insular regions. The frontal
projection from rostral area 35 terminates largely in the supple-
mentary and primary motor regions. Area 35 also has a moder-
ate efferent connection to the parietal cortex (Fig. 3D).

SUBCORTICAL CONNECTIONS OF THE

POSTRHINAL CORTEX

The subcortical afferents of the POR are weaker than the
cortical and hippocampal afferents. Subcortical structures pro-
vide less than 15% of the total input to POR as assessed by
the number of retrogradely-labeled cells. The dorsal thalamic
nuclei dominate the subcortical input to the POR, representing
over half of the total subcortical innervation (Table 4). The
strongest of these afferent projections from the dorsal thalamus
originates in the dorsal lateral group, which contribute to

Hippocampus DOI 10.1002/hipo



716 FURTAK ET AL.

TABLE 4.

Subcortical Afferents of the POR and PER: Percent Retrogradely-labeled Cells"

Area 36 Area 35
Origins POR average Area 36 average rostral mid-rc caudal Area 35 average rostral mid-rc caudal
Olfactory 1.2 3.9 8.6 1.8 1.7 30.3 394 279 17.0
Claustrum 20.5 5.5 94 1.7 10.8 20.3 234 17.3 20.2
Amygdala 34 424 42.6 53.0 20.9 25.0 17.2 23.3 44.1
Septal nuclei 2.5 0.2 0.1 0.2 0.6 1.1 0.9 1.2 1.1
Basal ganglia 1.2 2.2 2.4 1.8 2.9 2.1 2.2 2.3 15
Dorsal thalamus 56.2 25.8 17.0 22.0 52.8 12.5 11.6 13.2 12.7
Ventral thalamus 11.3 18.4 174 18.2 8.3 7.2 43 12.8 2.0
Hypothalamus 3.8 1.7 25 1.3 2.1 1.6 1.2 2.1 14
Total (%) 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0

Numbers represent the mean percent of the total number of retrogradely labeled cells in the originating in subcortical regions arising from injections in postrhinal

cortex (POR) and perirhinal (PER) areas 36 and 35.

*Note that labeled cells in subcortical regions accounted for 14% of all labeled cells for the POR, 39% for area 36, and 36% for area 35. See text for details.

approximately half of the labeled cells in the dorsal thalamus
(Agster, 2007). The claustrum provides the second densest sub-
cortical innervation to the POR and accounts for roughly one
fifth of the total subcortical input in percentages of labeled cells.
The POR receives moderate afferent connections from the ventral
thalamus. The intralaminar nuclei provide the vast majority of
this input (Agster, 2007). Few afferent projections to the POR
originate in the amygdala and basal ganglia. Of the few afferents
from the amygdala to the POR, the lateral and basolateral nuclei
provide the strongest inputs (Agster, 2007).

The strongest subcortical efferent projection from the POR
terminates in the basal ganglia, with labeled fibers terminating
almost exclusively in the tail of the caudate putamen (Agster,
2007). There are also moderately strong projections from the
POR to the dorsal thalamus, followed by the ventral thalamus
and amygdala (Table 5). Similar to the afferent connections
with the dorsal thalamus, the strongest efferent fiber labeling

TABLE 5.

is observed in the dorsal lateral and dorsal anterior groups
(Agster, 2007). Efferent projections to the ventral thalamus
are more widespread; however, labeled fibers are most fre-
quently observed in the lateral geniculate and zona incerta.
Moderate projections from the POR to the amygdala exist.
These efferent projections from the POR to the amygdala ter-
minate mostly in the lateral and basolateral nuclei. Other sub-
cortical efferent projections that originate in the POR are
quite weak.

SUBCORTICAL CONNECTIONS OF

AREA 36 OF THE PERIRHINAL CORTEX

Subcortical structures contribute roughly one-third of the
total afferent connections of area 36, as indicated by the per-
cent of retrogradely-labeled cells. The principal subcortical

Subcortical Efferents of the POR and PER: Index of Fiber Labeling

Area 36 Area 35
Terminations POR average Area 36 average rostral mid-rc caudal Area 35 average rostral caudal
Olfactory 13 247 41.6 152.9 3.1 44.0 58.9 29.2
Claustrum 3.5 12.5 317 65.3 33 11.9 17.3 6.6
Amygdala 11.0 38.0 46.9 245.3 12.1 26.0 36.7 15.3
Septal nuclei 3.8 5.6 4.4 39.4 1.1 5.2 7.1 32
Basal ganglia 109.2 165.7 491.9 734.5 99.2 1215 150.8 92.1
Dorsal thalamus 27.7 14.2 54.5 46.0 133 2.8 3.3 2.3
Ventral thalamus 13.4 8.3 27.5 34.7 4.3 2.2 3.2 1.1
Hypothalamus 1.3 4.4 9.4 24.6 15 1.0 1.0 1.0

Numbers represent indexes of fiber labeling in terminal subcortical regions arising from anterograde tracer injections in postrhinal cortex (POR) and perirhinal

(PER) areas 36 and 35. Note that the fiber labeling index in larger structures, for example basal ganglia structures, will yield higher numbers. Density of fiber label-
ing was rated and then normalized by the volume of the terminal structure. See text for details.
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afferent to area 36 arises from the amygdala and contributes to
roughly half of the subcortical inputs (Table 4). The lateral nu-
cleus of the amygdala contributes most heavily to this strong
projection, which terminates largely in rostral area 36. In addi-
tion to the afferents that arise from the amygdala, both the
dorsal and ventral thalamic nuclei provide moderate input to
area 36. The dorsal thalamus strongly innervates caudal levels
of area 36, contributing slightly more than half of the subcorti-
cal input to this level. The largest projection from the dorsal
thalamus to all rostrocaudal levels within area 36 originates in
the lateral group. In contrast to the dorsal thalamus, the ventral
thalamic input terminates in more rostral levels of area 36. The
medial geniculate nucleus provides the strongest ventral tha-
lamic input to area 36. The septal nuclei, the basal ganglia and
the hypothalamus provide weak input as indicated by percen-
tages of labeled cells in those areas.

Area 36 of the PER provides widespread inputs to subcorti-
cal structures. Most are modest, with the exception of the basal
ganglia projection; a very heavy projection targets the caudate
putamen (Table 5). It should be noted, however, that the large
volume of the basal ganglia structures will result in larger fiber
labeling indexes. In addition, there is a strong efferent projec-
tion from area 36 that terminates in the amygdala. The projec-
tion largely originates in the mid-rostrocaudal portion of area
36 and, interestingly, terminates throughout the amygdala
nuclei. There are strong projections from the mid-rostrocaudal
division of area 36 to the olfactory area. Moderate projections
from the PER target the dorsal lateral group of the dorsal thal-
amus and the zona incerta of the ventral thalamus.

SUBCORTICAL CONNECTIONS OF

AREA 35 OF THE PERIRHINAL CORTEX

Based on the percentage of retrogradely-labeled cells, sub-
cortical afferents contribute almost one half of total input to
area 35 of the PER. The strongest projection to area 35 origi-
nates in the olfactory areas, accounting for roughly one third of
all subcortical inputs, followed closely by the amygdala and the
claustrum (Table 4). Most of the olfactory inputs arise from
the endopiriform and the piriform transition areas, and both
subregions most heavily innervate the rostral level of area 35.
The amygdala, the lateral nucleus in particular, strongly proj-
ects to caudal area 35 and provides slightly less than half of
subcortical inputs to this level. In contrast to the amygdala, the
claustrum contributes input to all rostrocaudal levels of area 35
(Table 4). Area 35 receives a moderate projection from the dor-
sal thalamus that mainly arises from the midline group nuclei.
The ventral thalamus along with the septal nuclei, the basal
ganglia, and the hypothalamus, provide little input to area 35
(Table 4).

Overall, the subcortical efferents of area 35 are weak. The
exception is the very strong projection that terminates in the
basal ganglia (Table 5). Interestingly, even though the afferent
input from the basal ganglia to area 35 is weak, the reciprocal
efferent projection is strong, especially to the nucleus accum-
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bens. The next largest projection is to olfactory areas. The pro-
jection terminates in all olfactory structures, but the projection
to the accessory olfactory nucleus is weak. The projection from
rostral area 35 to the amygdala is also moderately strong.
Within the amygdala, the basomedial nucleus is the main target
of area 35. The claustrum receives a moderate projection from
area 35, specifically from the rostral level. Area 35 projections
to the thalamus and the hypothalamus are weak (Table 5).

HIPPOCAMPAL SYSTEM CONNECTIONS OF

THE POSTRHINAL CORTEX

The hippocampal system connections to the POR are rela-
tively weak; however, they still substantially stronger than
the subcortical afferents of the POR. Approximately one
quarter of the total input to the POR originates in the hip-
pocampal system as assessed by percentages of retrogradely-
labeled cells (Fig. 2A). The majority of these retrogradely-
labeled cells were located in parahippocampal structures (Table
6). The PER and the caudal parasubiculum provide the
strongest inputs (Agster, 2007). Area 36 provides the heav-
iest afferent projection from the PER to the POR (Burwell
and Amaral, 1998a). The EC also provides a substantial
input to the POR (Fig. 2A; Burwell and Amaral, 1998a).
The overall contribution of the hippocampal formation to
the input of the POR is much weaker than the parahippocam-
pal contribution (Agster, 2007). However, the dorsal hippo-
campal formation does provide a moderate afferent projection
to the POR, accounting for approximately ten percent of the
total hippocampal system input. The majority of this connec-
tion originates in the CA1 (Agster, 2007).

The largest efferent projections from the POR terminate in
the parahippocampal region (Tables 3, 5, and 7). These projec-
tions terminate primarily in the PER and EC (Fig. 2B and
Table 7; Burwell and Amaral, 1998a). Fiber labeling following
POR anterograde tracer injections is dense in both areas 35
and 36, as well as the EC (Burwell and Amaral, 1998a). In
contrast, substantially fewer efferent projections from the POR
terminate in the presubiculum and parasubiculum (Agster,
2007). The presubicular projection terminates preferentially in
the most dorsal portion of the presubiculum, sometimes called
the postsubiculum. Finally, output to the dorsal and the ventral
hippocampal formation is weak.

HIPPOCAMPAL CONNECTIONS OF AREA 36

OF THE PERIRHINAL CORTEX

Overall, the hippocampal system projects weakly to area 36
of the PER. Of this small afferent projection, the parahippo-
campal region provides by far the heaviest input, which termi-
nates throughout the rostrocaudal extent of area 36 (Table 6
and Fig. 3A). The POR and EC provide the majority of the
parahippocampal input to area 36 (Table 6). The connections
from POR largely innervate the mid-rostrocaudal and caudal
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TABLE 6.

Hippocampal Afferents of the POR and PER: Percent Retrogradely-labeled Cells®

Area 36 Area 35
Origins POR average Area 36 average rostral mid-rc caudal Area 35 average rostral mid-rc caudal
Dorsal HC 10.3 1.0 0.5 14 0.9 7.1 4.2 9.8 7.5
DG/CA3 0.1 0.1 0.2 0.1 0.0 0.1 0.0 0.3 0.1
CA2/CA1 7.4 0.7 0.1 1.1 04 4.5 3.6 4.7 5.9
SUBd 2.8 0.2 0.2 0.2 0.5 2.5 0.6 47 15
Ventral HC 4.5 17.3 17.6 15.3 22.7 11.2 3.7 23.0 84
DG/CA3 0.0 0.5 0.0 1.0 0.0 0.6 0.0 2.1 0.0
CA2/CA1l 2.9 13.5 13.7 12.0 17.9 8.0 3.2 15.1 6.6
SUBv 1.6 3.3 3.9 2.3 47 2.6 0.5 57 1.8
ParaHC Region 85.1 81.7 81.9 83.3 76.5 81.7 92.1 67.2 84.2
Presubiculum 16.3 2.1 0.34 2.8 3.0 0.8 0.2 2.0 0.5
Parasubiculum 222 3.2 3.0 1.0 11.5 1.9 0.7 3.7 2.3
PER/POR 28.4 423 28.2 49.2 49.9 6.3 2.5 5.9 14.0
Entorhinal 18.3 34.1 50.4 30.3 12.1 72.7 88.8 55.6 67.4
Total (%) 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0

Numbers represent the mean percent of the total number of retrogradely labeled cells in the originating cortical regions arising from injections in postrhinal (POR)

cortex and perirhinal (PER) areas 36 and 35.

*Note that labeled cells in hippocampal and parahippocampal structures accounted for 23% of all labeled cells in the POR, 12% for area 36, and 10% for area 35.

See text for details.

levels of area 36 whereas EC projections terminate preferen-
tially in rostral area 36. Slightly less than one fifth of area 36
input arises from the ventral HC. This projection originates
primarily in field CAl. In contrast, the dorsal division of the
hippocampus provides a negligible input to area 36. These
findings are inconsistent with previously reported electrophysi-
ology (Kloosterman et al., 2004). It may be, however, that the

TABLE 7.

CA1 input to area 35 accounts for the dorsal hippocampal con-
nections in prior studies.

Area 36 provides only modest input to the hippocampal for-
mation (Table 7). The projection targets field CAl and the
subiculum in both dorsal and ventral hippocampus. In contrast,
area 36 provides very strong input to the EC (Table 7 and Fig.
3C). The projection arises in all rostrocaudal levels of area 36.

Hippocampal Efferents of the POR and PER: Index of Fiber Labeling

Area 36 Area 35

Terminations POR average Area 36 average rostral mid-rc caudal Area 35 average rostral caudal
Dorsal HC

DG/CA3 3.6 0.1 0.0 0.9 0.0 0.0 0.0 0.0

CA2/CA1 2.1 0.6 0.0 3.0 2.0 0.5 0.0 1.0

SUBd 2.1 0.2 0.0 0.0 1.3 17 0.5 2.8
Ventral HC

DG/CA3 0.3 0.1 0.0 04 0.0 0.0 0.0 0.0

CA2/CA1 0.2 12 0.0 9.0 0.3 04 0.4 0.4

SUBv 1.1 0.9 0.0 2.9 45 5.5 2.7 8.4
ParaHC Region

Presubiculum 8.9 0.5 0.0 3.0 0.8 0.5 0.2 0.8

Parasubiculum 34 0.1 0.0 1.0 0.0 0.2 0.0 0.3

PER/POR 172.9 29.0 11.4 32.5 46.9 17.4 0.4 34.3

Entorhinal 166.6 107.7 87.5 118.3 94.7 191.0 178.4 203.7

Numbers represent indexes of fiber labeling in terminal hippocampal regions arising from anterograde tracer injections in the postrhinal cortex (POR) and perirhi-
nal (PER) areas 36 and 35. Density of fiber labeling was rated and then normalized by the volume of the terminal structure. See text for details.
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In addition, the mid-rostrocaudal and caudal levels of area 36
provide moderate input to the POR.

HIPPOCAMPAL CONNECTIONS OF AREA 35

OF THE PERIRHINAL CORTEX

Similar to area 36, area 35 of the PER receives a very small
portion of its input from the hippocampal system. Input to
area 35 originates in the parahippocampal region (Table 6 and
Fig. 3B). In particular, EC accounts for roughly three-quarters
of the hippocampal system input, which terminates in all ros-
trocaudal levels of area 35 (Table 6). In addition, caudal area
35 receives a modest input from the POR. Area 35 receives
modest input from the dorsal and ventral HC. The HC input
arises largely from field CAl and to a lesser extent, the subicu-
lum, and terminates in caudal area 35 (Table 6). The input
from ventral HC is stronger than the input from dorsal HC.

Heavy efferent projections from area 35 terminate almost
exclusively in the EC (Table 7 and Fig. 3D). The projection to
the EC is very heavy and arises from the entire rostrocaudal
extent of area 35. The POR, in contrast, receives a moderate
projection that originates in caudal area 35. Area 35 projects to
the subiculum, and the projection to ventral subiculum is
stronger than to dorsal subiculum.

CONCLUSIONS

The POR has strong reciprocal connections with the caudal
part of the ventral temporal cortex, the posterior parietal cor-
tex, dorsal retrosplenial cortex, and visual association areas.
These are all regions that have been implicated in visuospatial
functions (Vaudano et al., 1991; Shi and Cassell, 1997; Brous-
sard et al., 2006). The pattern of subcortical connections of the
POR also supports a strong bias towards visual information
processing. Dense reciprocal connections exist between the
POR and the lateral posterior nucleus of the thalamus. The lat-
eral posterior nucleus is the rodent homolog of the primate
pulvinar nucleus, a region implicated in visual attention (Posner
and Petersen, 1990). Additionally, though not formally quanti-
fied, we observed labeled fibers in the superior colliculus fol-
lowing anterograde tracer injections in the POR. Finally, the
POR is heavily connected with the dorsal hippocampal forma-
tion, a region of the hippocampus especially biased towards
spatial processing (Moser et al., 1993, 1995; Jung et al., 1994).
The POR receives very little input from the nonvisual sensory
modalities, a feature that distinguishes it from the PER. Taken
together, the anatomical connections of the POR are consistent
with a role in visuospatial orienting.

The PER receives massive sensory related input and thus
emerges as the locus of a convergence of perceptual informa-
tion. In particular, the mid-rostrocaudal levels of area 36
receive abundant projections from the ventral temporal cortex,
and the rostral portion of area 35 is strongly innervated by
agranular insular cortex. The PER also receives afferent projec-
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tions from unimodal sensory association regions of all modal-
ities. The ventral subdivision of the PER (area 35) receives ro-
bust olfactory sensory information from the piriform cortex
and the subcortical olfactory areas, while the dorsal PER (area
36) receives input from the remaining sensory modalities. Con-
firming previous studies (Linke, 1999; Doron and Ledoux,
2000; Kimura et al., 2003), the dorsal PER was found to
receive a strong direct thalamic projection from auditory-related
nuclei. Additionally, the anatomical findings of postrhinal and
perirhinal connectivity nicely support a recent study that dem-
onstrated neurons in rostral PER responded only to somatosen-
sory input, while caudal portions of the PER and the POR
responded more readily to visual input (Naber et al., 2000).
Taken together, these data provide further evidence of polymo-
dal processing in the PER. Indeed, functional studies across
evolutionarily advanced species, from rodents to primates,
strongly support an essential role for PER in perceptual proc-
essing of complex multifeature stimuli (Gaffan et al., 2000;
Buckley et al., 2001; Eacott et al., 2001; Bussey et al., 2002;
Barense et al., 2005; Lee et al., 2005). The strong PER connec-
tions with the amygdala further suggest that it may be involved
in affective processing of stimuli that are behaviorally relevant.

As part of the rodent homolog of the primate medial tempo-
ral lobe, the connections of the POR and PER with the hippo-
campal structures have long been a topic of study. The POR
provides strong input to the hippocampal system that termi-
nates primarily in the medial entorhinal cortex (Naber et al.,
1997; Burwell and Amaral, 1998a). The POR is densely inter-
connected with the dorsocaudal medial entorhinal area, which
was recently reported to have a unique role in spatial functions
(Fyhn et al., 2004; Hafting et al., 2005). Entorhinal cells in
this region exhibit multipeaked place fields forming a grid that
accurately predicts the location of the rat. The resulting allo-
centric spatial representations may depend on the POR input
to the dorsocaudal medial entorhinal area. There are also direct
connections with field CAl of the dorsal hippocampus and
with dorsal subiculum (Naber et al., 2001; Kloosterman et al.,
2003; Agster, 2007). These connections suggest that visuospa-
tial information is delivered to the hippocampus via a dedi-
cated pathway involving the dorsal subiculum, the POR, and
the medial entorhinal cortex. In contrast to the POR, the pro-
jections from the PER terminate in the lateral entorhinal cortex
within the hippocampal system (Witter et al., 1990, 2000;
Naber et al., 1997, 1999; Burwell and Amaral, 1998b). Direct
connections between the PER and the subiculum have also
been reported (Kosel et al., 1983; Naber et al., 1997, 1999;
Kloosterman et al., 2003), but the most abundant hippocampal
system connections of the PER are with the lateral entorhinal
cortex of the parahippocampal region (Fig. 5B).

The strong connections of the POR and PER with the hip-
pocampal formation and related structures suggests a role in
processing spatial information. Experiments conducted in our
laboratory, however, indicate that spatial processing functions
of the PER and POR are distinct from those of the hippocam-
pus. DPerirhinal and postrhinal damage were shown to cause
deficits in contextual learning while sparing spatial navigation
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2004b). Thus, the neural
bases of contextual learning can be functionally dissociated

1999; Epstein

in the same animals (Burwell et al,,

from spatial navigation (see also Epstein et al.,
and Kanwisher, 1998).

Because the POR and PER are involved in contextual fear
conditioning, the connections of these regions with the amyg-
dala are of interest (Figs. 4 and 5). The amygdala is critical for
associative emotional memory (LeDoux, 2000; McGaugh,
2004; Fanselow and Poulos, 2005). The PER and POR are
reciprocally connected with the amygdala; however, the amyg-
dala input to the PER is much stronger than that to the POR.
Consistent with previous studies, the heaviest PER and POR
connections are with the lateral and basolateral nuclei of the
amygdala (Shi and Cassell, 1997, 1999; Pitkanen et al., 2000;
Pikkarainen and Pitkanen, 2001; Majak and Pitkanen, 2003).
The observed deficits in contextual fear conditioning following
damage to the hippocampus (Phillips and LeDoux, 1992), the
POR (Bucci et al., 2000, 2002), and the PER (Romanski and
LeDoux, 1992; Bucci et al., 2000, 2002; Lindquist et al.,
2004), are likely influenced by these connections. The POR
connections with the amygdala may also support the POR role
in attentional orienting (Bucci and Burwell, 2004). Thus based
on the anatomical projections and experimental lesion studies,
it appears that the PER and POR may interact with structures
involved in associative learning about emotional or event-
related stimuli and contexts.

In conclusion, the medial temporal lobe has a well docu-
mented role in episodic memory. The role of context in epi-
sodic memory is not well understood. Moreover, there are open
questions about how items to be remembered are identified for
further processing by the medial temporal lobe. The available
functional and neuroanatomical evidence indicates that the
POR is involved in visuospatial orienting and that the PER
plays a selective role in processing of multifeature and multi-
modal stimuli, especially when stimuli are behaviorally relevant.
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arrows.
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diagram of afferent connections to the PER. B: A summary dia-
gram of efferent connections of the PER. Note, strong connections
are represented by black arrows, moderate connections are denoted
by dark gray arrows, and weak connections are indicated by the
light gray arrows.

Both regions appear to be involved in contextual learning. The
anatomical connections are consistent with the hypothesis that
the POR monitors the environment for changes and signals
other medial temporal structures that the spatial context has
changed. The PER may act on the POR signal to encode fea-
tures of the new context and to evaluate stimuli within the
context for behavioral relevance.
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